Forces of rails for electromagnetic railguns  by Xu, Lizhong & Geng, Yanbo
Applied Mathematical Modelling 36 (2012) 1465–1476Contents lists available at SciVerse ScienceDirect
Applied Mathematical Modelling
journal homepage: www.elsevier .com/locate /apmForces of rails for electromagnetic railguns
Lizhong Xu ⇑, Yanbo Geng
Mechanical Engineering Institute, Yanshan University, China
a r t i c l e i n f oArticle history:
Received 6 October 2010
Received in revised form 28 August 2011
Accepted 1 September 2011
Available online 8 September 2011
Keywords:
Railgun
Force
Stress
Rail
Armature0307-904X/$ - see front matter  2011 Elsevier Inc
doi:10.1016/j.apm.2011.09.036
⇑ Corresponding author. Tel.: +86 335 8060195; f
E-mail address: xlz@ysu.edu.cn (L. Xu).a b s t r a c t
In this paper, using electromagnetic theory, the equations for the total magnetic force on
the rails are deduced. Besides this, the equations for the changes of the magnetic force
along with time and the running position of the armature under jointed pulse operating
current are presented. Then, the equations for changes of the bending stress and shear
stress in the rail along with time and the running position of the armature are given.
Changes of the magnetic force distribution between the two rails along with the running
position of the armature and other parameters are investigated. The total electromagnetic
forces on the rail under jointed pulse operating current are analyzed. Distribution and
changes of the bending stresses in the rail are studied. A number of results are obtained.
The results are useful for design and application of the railgun system.
 2011 Elsevier Inc. All rights reserved.1. Introduction
For many years, the utility of electromagnetic guns has been explored. The railgun is a kind of the electromagnetic gun
(see Fig. 1). It consists of two parallel conductors rails across which an armature makes electrical contact. The armature is an
integral part of the projectile assembly. When current ﬂows in the circuit, a magnetic ﬁeld is established in the space
between the rails. This ﬁeld interacts with the current to produce the Lorentz or J  B force, which both accelerates the pro-
jectile and produces a mutually repulsive force on the rails. Velocities up to 6000 m/s have been reported, making the railgun
become an attractive approach.
In 1978, Rashleigh and Marshall [1] built an inductively driven rail-gun macroparticle accelerator in which velocities of
5.9 km/s were obtained using an arc as the driving armature. The results lead people to believe that higher velocities can be
obtained and a lot of studies on the railgun were done. Fitch and Rose [2] investigated the effects of the current modes on the
transfer efﬁciency, and found that the transfer efﬁciency can be increased effectively when the current becomes zero at the
shot exit. Thus, the rapid rise-constant-slow set current mode of the operating current was proposed. For the mode, the efﬁ-
ciency of the railgun system is relatively high, and a relatively large muzzle velocity of the projectile can be obtained for a
given rail length that is a proper operating current mode. For reducing energy loss, some electric sources were developed and
the distributed-current-feed and distributed-energy-store railguns were presented [3–6]. Using these electric sources, the
breech electric energy and the resistance energy loss are reduced, so the rail length can be increased. For these novel electric
sources, the rapid rise-constant-slow set current mode is accepted.
One of the important problems in developing the railgun is the design of the rail and the related elements. The current in
the rails and associated magnetic ﬁeld extends from the breech to the armature location. The temporal changes occur as the
current provided by the pulsed power system varies during the inbore cycle. The rail is subjected to a hostile load environ-
ment. So, the rail should have high ability against these complicated loads [7,8]. The dynamic interaction between armatures. All rights reserved.
ax: +86 335 8074783.
Fig. 1. Schematic of railgun and its magnetic ﬁeld (a) schematic of railgun (b) geometric parameters and coordinate system.
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The armature performance is sensitive to variations of the normal forces at the contact interface. Therefore, the evaluation of
the loads on rails is an important task. An analytical approach to investigation of the dynamic response of laboratory rail-
guns, including projectile movement, was developed in a number of works by Tzeng [9] and Tzeng and Sun [10]. The tran-
sient elastic waves in electromagnetic launchers and their inﬂuence on armature contact pressure were studied by Johnson
and Moon [11,12]. The transient resonance at critical velocities of the projectile was numerically studied by Nechitailo and
Lewis [13]. Liudas et al. [14] developed a 2D plane stress ﬁnite element model resting upon discrete elastic supports and
performed the transient analysis for a set of constant loading velocities (600–1600 m/s) and for the experimentally derived
transient-loading proﬁle.
However, the electromagnetic loads on the rails were considered to be uniformly distributed in above-mentioned studies.
Actually, the electromagnetic loads on the rails are not distributed uniformly, which causes a large peak load on the rails. It
inﬂuences on the operating behavior of the railgun signiﬁcantly.
In this paper, using electromagnetic theory, the equations for the magnetic force between the two rails are deduced.
The equations for the magnetic force applied to the rail by the armature are given as well. From them, the equations
for the total magnetic force on the rails are obtained. Here, the non-uniform distribution of the electromagnetic loads
on the rails is considered. Based on these equations, the equations for the changes of the magnetic force along with time
and the running position of the armature under jointed pulse operating current are given. Then, the rails are considered as
an elastic foundation beam and the equations for the changes of the internal forces and the displacement of the rail along
with time and the running position of the armature are obtained. Besides this, the equations for the bending stress and the
shear stress in the rail are given. Using these equations, the changes of the magnetic force distribution between the two
rails along with the running position of the armature and other parameters are investigated. Distribution of electromag-
netic forces to the rail applied by armature is investigated. Then, the total electromagnetic forces on the rail under jointed
pulse operating current are investigated. The distribution and changes of the bending stresses in the rail along with sys-
tem parameters are analyzed. A number of results are obtained. The results are useful for design and application of the
railgun system.2. Magnetic forces on rails and armature
As shown in Fig. 1, two copper rails are arranged in parallel. The rails are copper strips h  w and of lengths L. The
distance between the two copper strips is b. The armature together with the projectile can run along the rails. The current
ﬂowing in the rails produces a magnetic ﬂux density B between the rails, and this magnetic ﬁeld interacts with the current
ﬂowing in the armature. The resulting Lorentz force F accelerates the armature together with the projectile along the rails.
Besides this, the two rails interacts with each other as well because of the currents ﬂowing in them and the corresponding
magnetic ﬁeld.
For the simple rails, the current in the rails is known to localize near their surfaces. It is known as skin effect. Because of
the effects, a large current is required for a given launch velocity. Meanwhile, the heating loss of the electric resistance for the
rail is quite large, and the electrical source for producing large current is also difﬁcult to make. Hence, a laminated rail is
proposed. The laminated rail consists of several thin rails with the insulating layers between them. For the rails, the current
required is only 1/N of the current for simple rails under the same launch velocity (here, N is the number of the thin rails). It
can reduce the heating loss of the electric resistance for the rail, and the uniform current density is obtained in each thin rail.
So, the laminated rail is widely used for the railgun. The studies are for the railgun with laminated rail, and the current in the
rail is considered to be distributed uniformly.
The magnetic force between the two rails are analyzed as shown in Fig. 2. Let P0(z0,y0) denote one point on the left rail. The
current element at the point can be expressed as dI ¼ Ihw dr0 ¼ Ihw dz
0dy0. Let P(z,y) denote one point on the right rail. Thus, the
components of the magnetic ﬁeld vector at the point P(z,y) caused by current element dI at the point P0(z0,y0) are given as
below
Fig. 2. Magnetic forces between the two rails and the armature (a) magnetic ﬁeld vector at one point on the rail (b) magnetic force at one point on the rail
(c) magnetic force at one point on the armature.
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ð1Þwhere l0 is the permeability, I is the current intensity in the rail, l is the running position of the armature.
From Eq. (1), the components of the magnetic ﬁeld vector at the point P(z,y) caused by the current I in the left rail can be
given. The total force on the rails caused by the component Bz equals zero, so the equation for the component Bz is not given.
The other component By can be calculated as belowBy ¼ l0I4phw
Z
D0
ðzþ z0Þ
½ðy y0Þ2 þ ðzþ z0Þ2
xﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðy y0Þ2 þ ðzþ z0Þ2 þ x2
q  x lﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðy y0Þ2 þ ðzþ z0Þ2 þ ðx lÞ2
q
2
64
3
75dr0; ð2Þwhere the symbol D0 denotes the zone: 0 6 z0 6 w and (h/2) 6 y0 6 (h/2).
The current element at the point P(z,y) can be expressed as dI ¼ Ihw dr ¼ Ihw dzdy. Thus, the magnetic force between the
current element and the component By caused by the left rail can be written as dI  By. Hence, the total magnetic force
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From Eq. (3), the total magnetic force per unit length between the two rails can be given asqrr ¼ KrrI2; ð4Þ
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Owing to the symmetry, the magnetic force applied to the armature by the right rail is equal to one by the left rail. Thus,
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Three modes of the operating current were proposed. The ﬁrst is the constant current mode, the second is the rapid rise-
slow set current mode, and the third is the rapid rise-constant-slow set current mode. For the ﬁrst mode, a large muzzle
Fig. 3. Jointed pulse operating current.
L. Xu, Y. Geng / Applied Mathematical Modelling 36 (2012) 1465–1476 1469velocity of the projectile can be obtained easily for a given rail length, but about 50% of the breech electric energy remains in
the railgun after shot exit, so the efﬁciency of the railgun system is relatively low. For the second mode, the breech electric
energy vanishes after shot exit, so the efﬁciency of the railgun system is relatively high, but a large muzzle velocity of the
projectile cannot be obtained easily for a given rail length. For the third mode, the efﬁciency of the railgun system is rela-
tively high, and a relatively large muzzle velocity of the projectile can be obtained for a given rail length. So, it is a proper
operating current mode.
Normally, the third operating current mode consists of multiple pulse currents (see Fig. 3). It can be written asI ¼ I0 sinxt ð0 6 t 6 t1Þ;
I  I0 ðt1 6 t 6 t2Þ;
I ¼ I0et=s ðt2 6 t 6 t3Þ;
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From Eqs. (6) and (9), the total magnetic force Fa applied to the armature can be givenFa1 ¼ Kq1I21 ¼ Kq1I20 sin2xt ð0<t < t1Þ;
Fa2 ¼ Kq2I22 ¼ Kq2I20 ðt1 < t < t2Þ;
Fa3 ¼ Kq3I23 ¼ Kq3I20e
2t
s ðt2 < t < t3Þ;
8><
>:
ð10ÞwhereKqi ¼ l0
4ph2w2
Z bþw
b
Z h=2
h=2
Z w
0
Z h=2
h=2
ðzþ z0Þ
½ðy y0Þ2 þ ðzþ z0Þ2
 xﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðy y0Þ2 þ ðzþ z0Þ2 þ x2
q  x xiﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðy y0Þ2 þ ðzþ z0Þ2 þ ðx x1Þ2
q
2
64
3
75dy0dz0dydzdxþ
l0
4ph2wc
Z bþ2w
w
Z h=2
h=2
Z c
0
Z h=2
h=2
ðxþ x0Þ
½ðy y0Þ2 þ ðxþ x0Þ2
 zﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðy y0Þ2 þ ðxþ x0Þ2 þ z2
q  z b 2wﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðy y0Þ2 þ ðxþ x0Þ2 þ ðz b 2wÞ2
q
2
64
3
75dy0dx0dydz; ði ¼ 1;2 and 3Þ:The motion position xi (i = 1, 2 and 3) of the armature can be calculated as below:
The differential equation of the armature motion ism
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 Fa ¼ 0; ð11Þwherem is the mass of the armature and projectile, f is the viscous friction coefﬁcient between the rail and the armature, Fa is
the total magnetic force applied to the armature.
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2x1
dt2
þ f dx1dt ¼ KaI20 sin2xt;
md
2x2
dt2
þ f dx2dt ¼ KaI20;
md
2x3
dt2
þ f dx3dt ¼ KaI20e
2t
s :
8>><
>>:
ð12ÞThe initial conditions are x1jt=0 = 0 and dx1dt

t¼0
¼ 0, using these initial conditions, the solutions of Eq. (12) can be given as
belowx1 ¼  KamI
2
0
2f 2 þ
KamI20
2f 2 
KamI20
2f 2þ8x2m2
 
e
f
mt þ KaI202f t þ
KamI20
2f 2þ8x2m2 cos 2xt 
fKaI
2
0
4xf 2þ16m2x3 sin 2xt;
x2 ¼ mKaI
2
0
2f 2 
mKaI20
2f 2þ8x2m2
 
e
pf
2mx þ 2Kam3 I20x2f 4þ4f 2x2m2
h i
e
f
mt þ KaI20f t þ
pKaI20
4fx 
mKaI20
f 2 ;
x3 ¼ mKaI
2
0
2f 2 
mKaI20
2f 2þ8x2m2
 
e
pf
2mx þ 2Kam3I20x2f 4þ4f 2x2m2
h i
e
f
mDt2  2m2KaI20
2mf 2f 3s
n o
e
f
mt þ Kas2I204m2fs e
2t
s þ KaI20Dt2f þ pKaI04fx þ
KasI20
2f :
8>>><
>>>:
ð13Þ4. Internal forces and stresses in the rail
The electromagnetic forces on the rails of the railgun act as an outward, mutually repulsive load. The rails are held by
insulating pieces of asbestos-reinforced resin contained inside a steel tube. The insulating pieces can be considered as an
elastic body. Hence, the rails can be considered as an elastic foundation beam (see Fig. 4). The distributed electromagnetic
forces are applied to the rail which is supported by an elastic foundation with stiffness k. E is the modulus of elasticity of the
rail material, Iz is the sectional modular of the rail.
The force balance equation of the rail isd4v
dx4
þ 4b4v ¼ qðxÞ
EIz
; ð14Þwhere v is the displacement of the rail in the direction y, b is a coefﬁcient, b ¼
ﬃﬃﬃﬃﬃﬃ
k
4EIz
4
q
; q(x) is the distributed load on the rail.
The general solution of Eq. (14) isv ¼ ebxðC1 cos bxþ C2 sinbxÞ þ ebxðC3 cos bxþ C4 sinbxÞ: ð15Þ
Let P denote a concentrated force at the origin of the axis x, using the boundary conditions of the rail, and the displace-
ment v of the rail can be givenv ¼ Pb
2k
ebxðcos bxþ sin bxÞ: ð16ÞFrom Eq. (16), the other internal forces and displacements can be obtainedFig. 4. Forces on the rail when armature is running.
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2
k e
bx sin bx;
M ¼ EI d2y
dx2
¼ P4b ebxðcosbx sinbxÞ;
Q ¼ EI d3y
dx3
¼  P2 ebx cosbx;
8>><
>>:
ð17Þwhere h is the rotation angle of the rail section,M is the bending torque on the rail section, Q is the shear on the rail section.
As above stated, the distributed electromagnetic forces are applied to the rail. The force distribution changes as the arma-
ture runs. It occurs after the running armature. Based on Eqs. (16) and (17), the internal forces in the rail caused by the run-
ning distributed electromagnetic force can be obtained by means of superposition method.
For the point in front of the running armature (x > l), the internal forces in the rail arev ¼ R l0 bqðnÞ2k ebðxlþnÞ½cos bðx lþ nÞ þ sin bðx lþ nÞdn;
M ¼ R l0 qðnÞ4b ebðxlþnÞ½cos bðx lþ nÞ  sinbðx lþ nÞdn;
Q ¼ R l0 qðnÞ2 ebðxlþnÞ cos bðx lþ nÞdn:
8><
>>:
ð18ÞFor the point after the running armature (0 < x < l), the internal forces in the rail arev ¼ R x0 bqðlxþnÞ2k ebnðcosbnþ sinbnÞdnþ R lx0 bqðlxnÞ2k ebnðcos bnþ sin bnÞdn;
M ¼ R x0 qðlxþnÞ4b ebnðcos bn sinbnÞdnþ R lx0 qðlxnÞ4b ebnðcosbn sinbnÞdn;
Q ¼ R lx0 qðlxnÞ2 ebn cosbndn R x0 qðlxþnÞ2 ebn cos bndn:
8><
>:
ð19ÞFrom Eqs. (18) and (19), the equations for the bending stress and the shear stress in the rail can be given as below:
(i) For the points in front of the running armature (x > l)r ¼  ybIz
R l
0
qðlxnÞ
2 e
bn cosbn
h i
dnebx sin bxþ R l0 qðlxnÞ4 ebnðcos bn
h
sinbnÞdnebxðcosbxþ sin bxÞ
n o
þ R x0 yqðlxþnÞ4bIz ebnðcos bn sin bnÞdnþ
R lx
0
yqðlxnÞ
4bIz
ebnðcosbn sinbnÞdn;
s ¼ R lx0 ðw24y2ÞqðlxnÞ16Iz ebn cos bndn
R x
0
ðw24y2ÞqðlxþnÞ
16Iz
ebn cosbndn
 R l0 ðw24y2ÞqðlxnÞ16Iz ebnðcos bn sin bnÞ
h i
dnebx sin bx
 R l0 ðw24y2ÞqðlxnÞ16Iz ebn cos bn
h i
dnebxðcosbx sinbxÞ:
8>>>>>>><
>>>>>>:
ð20Þ(ii) For the points after the running armature (0 < x < l)r ¼ R x0 yqðlxþnÞ4bIz ebnðcosbn sinbnÞdnþ
R lx
0
yqðlxnÞ
4bIz
ebnðcos bn sin bnÞdn
 ybIz
R l
0
qðnÞ
2 e
bðsþnÞ cos bðsþ nÞdnebðlþsxÞ sin bðlþ s xÞ þ R l0 qðnÞ4 ebðsþnÞ½cos bðsþ nÞ
n
sinbðsþ nÞdnebðlþsxÞ½cosbðlþ s xÞ þ sin bðlþ s xÞ;
s ¼ R lx0 ðw24y2ÞqðlxnÞ16Iz ebn cos bndn
R x
0
ðw24y2ÞqðlxþnÞ
16Iz
ebn cosbndn
þ R l0 ðw24y2ÞqðnÞ16Iz ebðsþnÞ½cos bðsþ nÞ  sinbðsþ nÞdnebðlþsxÞ sin bðlþ s xÞ
 R l0 ðw24y2ÞqðnÞ16Iz ebðsþnÞ cosbðsþ nÞdnebðlþsxÞ½cosbðlþ s xÞ  sin bðlþ s xÞ:
8>>>>>>><
>>>>>>>:
ð21Þ5. Results and discussions
Using above equations, the changes of the magnetic force distribution between the two rails along the parameter h and
the running position of the armature are investigated (see Fig. 5). Fig. 6 shows changes of the distribution of electromagnetic
forces between the two rails along with parameters w and b. Here, l0 = 4p  107 H/m, c = 10 mm, L = 1 m. Figs. 5 and 6
show:
(1) The magnetic force between the two rails only occurs after the running armature. It does not exist in front of the arma-
ture. On the partial rail with the magnetic force, the magnetic force is not distributed uniformly. At entrance of the
railgun, the magnetic force is quite small, it grows obviously with increasing coordinate x, it gets to the maximum
value near half of the running distance of the armature, and then it drops and becomes quite small near the armature.
(2) As the running distance of the armature increases, the distribution of the magnetic force on the rail does not changes.
It is still quite small near the entrance of the railgun or near the armature. However, the maximum magnetic force on
the rail grows slightly.
Fig. 5. Distribution of electromagnetic forces between the two rails.
Fig. 6. Changes of the distribution of electromagnetic forces between the two rails along with w and b(l = 1 m).
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grows and the distribution of the large magnetic force is nearly uniform.
(4) As the height of rail increases, the magnetic force drops at the same current. As the width of rail increases, the mag-
netic force drops at the same current. As the distance between two rail increases, the magnetic force drops at the same
current. For the different height of rail, the effects of the change of the height of rail on the magnetic force are nearly
identical. As the width of rail increases, the effects of the width change of the rail on the magnetic force become smal-
ler and smaller. As the distance between two rail increases, the effects of the distance change on the magnetic force
become smaller and smaller as well.
The distribution and changes of electromagnetic forces to the rail applied by armature are investigated as shown in Fig. 7.
It shows:
Fig. 7. Distribution and changes of electromagnetic forces to the rail applied by armature.
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front of the armature. At entrance of the railgun, the magnetic force is quite small, it grows slowly with increasing
coordinate x. As the position is near the armature, the magnetic force grows quickly.
(2) As the running distance of the armature increases, the distribution of the magnetic force on the rail does not changes
as well. The magnetic force grows quickly as the position is near the armature. However, the length of the partial rail
with the small magnetic force increases. The amplitude of the electromagnetic force does not change.
(3) As the height h of the rail increases, the magnetic force to the rail applied by armature grows obviously near the arma-
ture, and then it drops slightly. However, it is not nearly inﬂuenced at other place of the rail by the height h.
(4) As the distance b between two rails increases, the magnetic force to the rail applied by the armature grows. The
increase along with distance b is less obvious than that along with the height h near the armature. However, it is more
obvious than that along with the height h at other places of the rail.
(5) As the width w of the rail increases, the magnetic force to the rail applied by the armature grows. As the width c of the
armature rail increases, the magnetic force to the rail applied by the armature drops. The effects of the width c on the
magnetic force are more obvious near the armature.
Distribution and changes of the total electromagnetic forces to the rail applied by the armature and another rail are inves-
tigated (see Fig. 8). Fig. 8 shows:
Fig. 8. Distribution of the total electromagnetic forces on the rail (l = 1 m).
1474 L. Xu, Y. Geng / Applied Mathematical Modelling 36 (2012) 1465–1476(1) The total magnetic force to the rail applied by the armature and another rail only occurs after the running armature as
well. It does not exist in front of the armature. At entrance of the railgun, the magnetic force is quite small, it grows
quickly with increasing coordinate x, and gets to a steady value and remains constant, which is mainly dependent on
the magnetic force applied by another rail. Near the armature, the magnetic force grows quickly, and then it drops
slightly, which is mainly dependent on the magnetic force applied by the armature.
(2) The effects of the height h and the width w of rail on the total magnetic force are obvious. Under the constant current,
the total magnetic force grows with decreasing the height h and the width w.
(3) The effects of the distance b between two rails on the total magnetic force are the most obvious. Under the constant
current, the total magnetic force grows with decreasing the distanceb. When the distance b is equal to 10 mm, the
distribution of the total magnetic force on the rail changes. Near the armature, the magnetic force does not grow
quickly, but drops quickly, which is mainly dependent on the magnetic force applied by another rail because of the
small distance b.
(4) The effects of the width c of the armature on the total magnetic force are quite small at places distant from the arma-
ture. The width c has large effects on the magnetic force on the rail near the armature. Under the constant current, the
total magnetic force grows with decreasing the width c.
The total electromagnetic forces on the rail under jointed pulse operating current are investigated (see Fig. 9). It shows:
(1) At the initial state (t = 0), the electromagnetic forces at any point on the rail are all zero. At stage one (rapid rise stage
of the current), the electromagnetic forces on the rail grow quickly with increasing time t. At stage two (constant stage
of the current), the electromagnetic forces on the rail remain nearly a constant value with increasing time t. At stage
three (slow set stage of the current), the electromagnetic forces on the rail drop slowly with increasing time t. After
shot exit (t = 2 ms), the electromagnetic forces at any point on the rail become zero again.
(2) The magnetic forces at the entrance of the railgun are zero at initial state (t = 0), But they are not always zero. As time t
increases, they grow, get to a steady value, and then drop slowly. Of course, they are smaller than those at other points
on the rail at the same time.
(3) The magnetic forces near the armature are the maximum in the rail at the same time. However, they are also zero at
initial state (t = 0) or end state (t = 2 ms).
(4) At the end of the stage two, the electromagnetic force on the rail near the armature is the maximum. It should be taken
as the dangerous point for strength design of the rails.
Fig. 9. The total electromagnetic forces on the rail under jointed pulse operating current.
Fig. 10. Distribution of the bending stresses in the rail.
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1476 L. Xu, Y. Geng / Applied Mathematical Modelling 36 (2012) 1465–1476Distribution of the bending stresses in the rail is investigated (see Fig. 10). It shows:
(1) The bending stresses in the rail caused by the magnetic force occur both after the running armature and in front of it.
Although, the magnetic force does not exists in front of the armature. At entrance of the railgun, the bending stresses
are quite small, it grows quickly as the position is near the armature, and in front of the armature the bending stresses
become negative and grows quickly in the negative direction. After that, the bending stresses drop quickly and become
zero.
(2) The positions of the positive and negative peaks of the bending stress change along with motion of the armature. The
positive peak always occurs after the running armature. The negative peak always occurs in front of the running arma-
ture. As the running distance of the armature increases, the positive stress peak grows. It gets to the maximum near
exit of the railgun.
(3) As stiffness k increases, the bending stresses in the rails drop. It is proper that modulus of elasticity for the insulating
pieces contained inside a steel tube should be taken as large as possible.
(4) As the height h and the width w of rail increases, the bending stresses in the rails drop as well. It means that larger
height h and the width w of rail should be taken for decreasing bending stresses in the rails. However, it will cause
increase of the railgun dimension. Hence, height h and the width w of rail should be taken as moderate values for
getting proper size and strength of the railgun.
6. Conclusions
In this paper, the equations for the total magnetic force on the rails are deduced. Besides this, the equations for the
changes of the magnetic force along with time and the running position of the armature under jointed pulse operating cur-
rent are presented. Changes of the magnetic force distribution between the two rails along with the running position of the
armature and other parameters are investigated. The total electromagnetic forces on the rail under jointed pulse operating
current are analyzed. The distribution and changes of the bending stresses in the rail are studied. A number of results are
obtained. The results show:
(1) The total magnetic force on the rail only occurs after the running armature. At entrance of the railgun, the magnetic
force is quite small. Near the armature, the magnetic force grows quickly. The total magnetic force depends on the
distance between two rails, the height and the width of rail.
(2) At the end of the stage two (constant stage of the current), the electromagnetic force near the armature is the max-
imum. It should be taken as the dangerous point for strength design of the rails.
(3) The bending stresses in the rail caused by the magnetic force occur both after the running armature and in front of it.
The positive peak always occurs after the running armature. As the running distance of the armature increases, the
positive stress peak grows.
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